In two experiments, one carried in South Africa and the other in Western Australia, the duration of sperm storage and the fertile period following separation of sexes were investigated by egg break-out and by counting the sperm in the perivitelline membrane (sperm OPVL ) above the germinal disc (GD) region. Fertilisation status was determined by the appearance of the GD. The perivitelline membrane above the GD was collected to count sperm under fluorescence following staining with 4',6'-diamidino-2-phenyindole (DAPI). In both experiments, after the males were removed, the rate of lay declined by about 50% within a week. Following separation, sperm OPVL were detected for up to four weeks and fertilised eggs were laid for nearly the same duration. The loss of sperm followed an approximately logarithmic function and sperm numbers declined at rates similar to that of the turkey. Since the duration of sperm storage was longer than indicated by clutch duration, ostrich clutch size might be larger than reported or female ostriches might store sperm for up to two clutches. Fertilisation rate in ostrich eggs is high because most eggs contain excessive numbers of sperm and very low numbers of sperm appear sufficient to achieve fertilisation.
Introduction
Fertility of ostriches (Struthio camelus) is a very important measure of their reproductive efficiency. On commercial farms, it directly affects profitability because it determines the proportion of fertile eggs laid by each female (Cloete et al., 1998) . Fertility of ostrich eggs varies considerably between and within farms (Badley, 1997; Bunter & Graser, 2000) despite a reproductive strategy that should guarantee high fertility through high rates of sperm supply and the presence of sperm storage tubules in the female (Bezuidenhout et al., 1995; Holm et al., 2000; Malecki & Martin, 2003b) .
The ostrich breeding system is complex and a "breeding unit" can range from a pair on a farm to a male with multiple females in the wild (Sauer & Sauer, 1966; Handford, & Mares, 1985) . A territory-holding male and a "dominant female" are responsible for the nest, incubation of eggs and care of the chicks. Eggs are laid by the dominant female and a number of "subordinate females", some of which appear to come from other breeding units (Kimwelle & Graves, 2003) . In such a system the male ostrich is likely to copulate frequently to protect his parental investment because paternity in birds can best be assured by frequent copulations (Birkhead, 1988; Møller & Birkhead, 1991) . As a result birds supply more sperm than is required to fertilise the eggs produced by their companions (Birkhead et al., 1987; . Ostriches are no exception.
The South African Journal of Animal Science is available online at http://www.sasas.co.za/Sajas.html On commercial farms ostriches are usually kept in pairs, trios, quartets or small colonies. The pairbreeding system is generally adopted to facilitate pedigree recording for genetic evaluation in South Africa, although it leads to the confounding of direct and maternal genetic effects if few generations are available in the data (Cloete et al., 1998) . In the other systems the recommended male : female ratio usually requires one male to copulate with two and more females. Fertilisation rates are high and female ostriches are generally oversupplied with sperm under such conditions (Malecki & Martin, 2003b) . When infertility is detected, it appears to be associated with the lack of sperm transfer due to either inadequate mating or poor sperm production (Malecki & Martin, 2003b) . While those problems can be caused by a male that deposits low numbers of sperm or none at all (Birkhead et al., 1987) they can also be caused by a female that retains few sperm following copulation or retains sperm for fertilisation for only a short period (Bakst et al., 1994; South African Journal of Animal Science 2004, 34 (3) © South African Society for Animal Science 159 Birkhead & Fletcher, 1994; Wishart, 1997; Malecki & Martin, 2002b) . Female ostriches store sperm in their sperm storage tubules following copulation, so they would be expected to have a period of fertility during which a number of fertilised eggs are laid (Lake, 1975; Wishart, 1987; Birkhead, 1988; Malecki & Martin, 2002a,b) . However, no studies have so far been undertaken to determine how long ostrich females can maintain their fertility following the last copulation.
The fertile period of female ostriches could be determined indirectly from clutch duration, since the number of days it takes to lay a clutch should be proportional to the duration of sperm storage (Birkhead & Møller, 1992) . However, nesting of ostriches is communal so it is difficult to reliably determine the number of eggs laid by a single female. Several estimates of ostrich clutch size have been made and they suggest that a single female lays between seven and 11 eggs at 2-day intervals (Jarvis et al., 1985; Bunter et al., 2001; Davies, 2002) . If these estimates are reliable, the fertile period ([clutch size -1] x egg interval - (Birkhead & Fletcher, 1994 ) of the female ostrich should last between 12 and 20 days.
We carried out this study to test the hypothesis that, after the last copulation, female ostriches will lay fertilised eggs for the period of clutch duration.
Material and Methods
Experiment 1 was carried out in October 2002 at the Klein Karoo Agricultural Research Centre near Oudtshoorn in South Africa. The experimental site is situated in the arid Klein Karoo region of South Africa (33°38'S and 22°15'E). Seven pairs were used to determine the duration of sperm storage and the fertile period following separation, and to test the effect of separation on the rate of lay. The other seven pairs and two nests (one from each colony of 32 birds) were used to determine egg fertilisation rate and variation in sperm supply under natural mating. Ostriches consisted mainly of Zimbabwe Blue males and South African Black females and they had been laying since July.
For the study of the rate of lay and duration of sperm storage eggs were collected for eight days after which the males were removed and placed together in one enclosure located about one km away from the females. After eight days of egg collection from the isolated females, the males were returned to their females wearing "aprons" to prevent copulations. Feed bags with both sides open were fitted over the tails of individual males and stitched to the stomach girdle mounted over the back, abdomen and the breast of the male (Swart et al., 1993) . These "aprons" allowed the passing of urine and faeces, but prevented copulation. Eggs were collected for a further period of eight days. Eggs from three pairs were not fertilised, therefore, they could only be used to estimate the rate of lay. To study fertilization rate and sperm supply, eggs were collected for 16 days from seven unseparated pairs and from two breeding units in colonies, one from each colony. The colony nests appeared to be attended by a single male and four to six females.
Experiment 2 was carried out between July and December 2003 to supplement Experiment 1. A longer duration of separation from a male was needed to determine the maximum sperm storage and fertile period duration. Because the absence of a male can lead to an extended oviposition interval or the termination of laying (as observed in Experiment 1) a male was needed in close proximity to the experimental females. We used four females and two males that were part of the flock held at the Shenton Park Field Station of the University of Western Australia (32°13'S and 115°38'E). These birds were hatched in November 2000 on a commercial ostrich farm in Western Australia and brought to the Field Station at the age of three months. Ostriches were of mixed descent, being derived from African Black, Reds and Blues, and also from Australian stock. The birds were kept as one group until 16 months of age when they were penned as two pairs and two single females in 9x15 m pens adjacent to each other. The females were labelled A-D. Male 1 paired to Female B and had Female A on one side and Male 2 paired to Female C on the other. Female D was in the adjacent pen to Male 2. The birds were maintained in this arrangement throughout their first breeding season (2002/2003) . The mated females (B and C) laid 23 and 20 eggs, respectively, while nonmated females (A and D) laid 10 and 9 eggs, respectively. In May and June of the 2003/2004 breeding season, Males 1 and 2 were occasionally joined with Females A and D, respectively, to determine whether they would accept another female, and to familiarize them with the separation procedure. The experiment was conducted as follows. First, males were removed from their companion females (Male 1 from Female B and Male 2 from Female C) for two weeks and placed in the empty pens adjacent to the females. These pens were at 90° angle to the female pens and equalled the female pens for width. was moved to Female A and Male 2 to Female D. Females B and C were left on their own for the next eight weeks. Separated females always had visual contact with the males being separated only by a wire fence. In this way, 8-week mating and separation periods were created for four females during which eggs were collected for estimation of the rate of lay, the duration of sperm storage and the fertile period. In both experiments, the ostriches were fed ad libitum with the commercial ostrich breeder ration.
To determine egg fertilisation status and to quantify sperm in the outer perivitelline layer, each egg was opened and the fertilization status of the germinal disc was determined with an unaided eye (Exp 1 and 2) or under the stereomicroscope (Exp 2). The egg was assumed unfertilised if it contained a blastodisc or fertilised when a blastoderm was present (Malecki & Martin, 2003b) . A piece of the vitelline membrane (2 cm in diameter) directly overlying the germinal disc (GD) region was collected onto a filter ring, cleaned of yolk and stored in 1% PBS at 5°C. Sperm trapped in the outer perivitelline layer (sperm OPVL ) were visualized under fluorescence following staining with 1 µg/mL of DAPI in PBS (4',6-diamidino-2-phenylindole; Sigma Chemical Co., St Louis, USA) and counted in six successive fields starting from the centre of the GD where most sperm are concentrated (Malecki & Martin, 2003a) . Each field was defined by a perimeter of a 40X objective (0.55 mm in diameter).
When copulations were not observed, the time of the last copulation was determined indirectly from the last time of the number of sperm OPVL increased markedly near separation (Malecki & Martin, 2002b) . A 2-day correction for the ostrich egg cycle was made, because sperm detected in the perivitelline membrane would need to be supplied to the female and/or released from the sperm storage tubules approximately two days prior to oviposition (Malecki & Martin, 2002b) . To determine duration of sperm storage and the fertile period, data were aligned to the time of last copulation. The duration of sperm on the vitelline membrane was defined as the number of days from the last copulation to the day of the last egg containing sperm OPVL . The fertile period was defined as the number of days over which sequentially laid eggs were fertilised following the last copulation. Linear regression of log 10 -transformed sperm OPVL counts was used to determine the relationship between the number of sperm OPVL and time from the last copulation. The slope of this relationship (Exp 2) was used to determine the rate of sperm loss (Wishart, 1987; Birkhead & Fletcher, 1994; Malecki & Martin, 2002b) . Eggs with zero sperm OPVL were excluded. The maximum duration of sperm storage (Exp 1) and duration of the fertile period (Exp 1 and 2) could not be determined because the rate of lay declined or laying ceased after removal of the male. Therefore, they were expressed as median duration.
The total sperm count per mm 2 of GD was used for all analyses that, unless otherwise specified, were performed using SuperANOVA TM software (Abacus Concepts, 1989) . Data are presented as means ± s.e.m. and P < 0.05 is considered significant.
Results
In Experiment 1, the rate of lay declined in the first week after removal of the males (P < 0.05, n = 7) and remained at that level after the males were returned for the second week (Figure 1a ). The rate of lay for the seven unseparated pairs was 0.40 ± 0.04 eggs per day throughout. Following separation, sperm OPVL were detected in eggs for 17.5 days (range 12-20 days) and all eggs were fertilised.
In Experiment 2, females laid at the rate of 0.26 ± 0.04 eggs per day when with males. In the absence of the males, that rate was reduced (P < 0.01) to 0.11 ± 0.02 (n = 4). Following introduction of the male, the rate of lay appeared to increase by Week 3, while following removal of the male it appeared to decrease by Week 2 and remained low for the remainder of the 8-week separation period (Figure 1b) . Sperm OPVL was detected in eggs for 27.8 ± 0.5 days (25 -29). Fertilised eggs were laid for 17 days (4 -28).
After separation (Experiment 1), the numbers of sperm OPVL declined from 118 ± 22 per mm 2 to 14 ± 3 per mm 2 of GD (P < 0.01). The decline (an instantaneous loss of sperm) was described by the function logSperm OPVL = -0.04x (day) + 1.72 (r 2 = 0.38, P < 0.01, n = 19 eggs). Since the derived correlation was relatively low, sperm OPVL data from the control group that also showed an exponential decline in successively laid eggs were pooled with that of the treatment group. The relationship at the initial part of the curve (0 to 6 days) could only be improved by this procedure. For the pooled data (Fig. 2) , a decline in the numbers of sperm OPVL was described by logSperm OPVL = -0.07x (day) + 2.11 (r 2 = 0.51, P < 0.01, n = 40 eggs). During Experiment 2, the numbers of sperm OPVL declined from 140 ± 24 to 8 ± 4 per mm 2 of GD after separation (P < 0.001). This decline (Figure 2 ) was described by logSperm OPVL = -0.09x (day) + 2.53 (r 2 = 0.94, P < 0.001, n = 16). The mean loss of sperm per day (mean slope of n = 4 females) was -0.093 ± 0.008, or
The South African Journal of Animal Science is available online at http://www.sasas.co.za/Sajas.html 
Control
Figure 1 Effect of male removal on the rate of lay of female ostriches. A) Experiment 1: "Control" -2 weeks corresponding with "During" and "After" separation periods; "Before" -1 week period with a male; "During" -1 week without a male; "After" -1 week with the same male wearing an 'apron'. B) Experiment 2: Open circles -rate of lay after a male was taken out of the female enclosure; Closed circles -rate of lay after the male was let into the female enclosure. Values are mean number of eggs per day ± s.e.m.; * P < 0.05 The number of sperm OPVL in Experiment 1 varied between pairs (P < 0.001), but not between colony nests (Fig. 3a) . There were 90 ± 12 Sperm OPVL /mm 2 of GD ranging from 0 to 626 (CV = 126%, n = 84 eggs). Mean fertilisation rate was 96 ± 3%. The lowest fertilisation rates were found in a nest from Colony 2 (80%, n = 15 eggs) and in the pair supplying lowest numbers of sperm (83%, n = 6 eggs). In Experiment 2 (Fig.  3b) , the number of sperm OPVL varied between females during the mating period (P < 0.05). There were 140 ± 24 Sperm OPVL /mm 2 of GD ranging from 11 to 640 (CV = 91%, n = 29 eggs). All eggs were fertilised. Following separation, three out of four eggs laid at the end of the fertile period that contained 0.6 ± 0 sperm OPVL per mm 2 of GD were not fertilised while eggs containing greater than that number of sperm were fertilised. 
Sperm

Discussion
After separation of sexes, sperm numbers in the eggs of female ostriches decline rapidly over the first week but then persist at low numbers on the perivitelline membrane for a further three weeks, and fertilised eggs are laid for approximately four weeks. Thus, the fertile period of the female ostrich appears longer than estimated from their clutch duration of 12 to 20 days, suggesting clutches larger than reported could be a feature of ostrich reproduction. Fertilisation of eggs in the ostrich is associated with highly variable numbers of detectable sperm in the perivitelline membrane but the probability of fertilisation is high because most eggs contained excessive numbers of sperm.
The pattern of decline in numbers of sperm in the perivitelline membrane and the relationship between numbers of sperm detected on eggs and the number of days over which sperm are detected are in accordance with that observed in other avian species. However, the number of days over which sperm are detected suggests that the ostrich clutch size may be larger than values previously reported, or female ostriches store sperm for up to two clutches. Their long sperm storage duration could have a basis in a relatively large uterovaginal region containing long sperm storage tubules, a storage system resembling that of the turkey (Holm et al., 2000) , a species that stores sperm for up to 72 days (Birkhead, 1988) . Similarities in the utero-vaginal region between the two species could explain why the rate of sperm loss in the ostrich is similar to that of the turkey (-0.003 per hour log; Wishart, 1988) . Therefore, if female ostriches have a large sperm storing capacity they would be receiving large sperm numbers, as the numbers of the sperm storage tubules and the numbers of spermatozoa per ejaculate are positively correlated (Birkhead & Møller, 1992) . This is supported by the large numbers of spermatozoa observed in the perivitelline membrane of ostrich eggs in the present and in our previous study (Malecki & Martin, 2003b) . From the literature, it seems that: a) twice as many sperm are detected in ostrich eggs as in emu eggs (Malecki & Martin, 2003a) female ostriches is nearly 50% lower than in female emus (Malecki & Martin, 2002b) and, c) sperm storage duration and the fertile period in the emu are about half of that in the ostrich. Supplies of large numbers of spermatozoa, their residence in the utero-vaginal junction and subsequent transfer into eggs thus clearly determine for how long fertilised eggs will be laid (Wishart, 1987; Birkhead et al., 1993; Birkhead & Fletcher, 1994; Malecki & Martin, 2002b) . The fact that the sperm storage duration in the ostrich appears longer than their clutch duration and that, in the emu (Malecki & Martin, 2002a; b) and the bearded tit (Sax et al., 1998) , more than one copulation is needed to fertilise the clutch, suggests that studies into the ostrich clutch size are needed to determine whether female ostriches retain spermatozoa for up to two clutches or if their clutch size is larger than reported.
Supplies of large numbers of sperm by males and the rate of sperm use by females provide some insight into the mating strategy that the ostrich has evolved. In nature, the breeding unit generally consists of one male and a few females, so male ostriches need to employ an effective strategy in order to protect their paternity. In birds, either copulation frequency or mate guarding is the most common means of paternity protection (Birkhead, 1988; Møller & Birkhead, 1992) . Male ostriches are very territorial and highly vigilant. Their vigilance appears to be divided between predators, competing males and receptive females (Bertram, 1980; Burger & Gochfeld, 1988) so they may use both mate guarding and copulation frequency for paternity protection. On the other hand, male ostriches do not seem to be very effective because ostrich females can parasitise nests of other males (Kimwele & Graves, 2003) , suggesting that females also play a role in paternity. Numbers of sperm supplied to females and time of last copulation would be crucial for a territoryholding male if he is to gain a 'respective' share of his paternity. Male ostriches have large testes for their body size (testes mass index greater than 0.4; Malecki -unpublished data) suggesting they could produce sperm in relatively large numbers. Current estimates of ostrich ejaculate volume and sperm concentration do not support this view (Bertshinger et al., 1992; Hemberger et al., 2001; Ya-jie et al., 2001; Rosenboim et al., 2003) . Artificial semen collection methods may, however, not be satisfactory and ejaculates might not reflect real output (Gvaryahu et al., 1984) , or ostrich males may use a high testis output to supply relatively small numbers of sperm at frequent intervals. Since sperm storage is very efficient in this species, it could be that, prior to commencement of a clutch, the male ostrich supplies his females with relatively low but frequent numbers of sperm. During egg laying, his efforts may then be mainly directed towards deterring predators and competing males.
Ostriches appear to be highly prolific birds and the industry should take advantage of that potential. High numbers of sperm observed in this and in the previous study (Malecki & Martin, 2003b) are indicative of an ability of males to supply large numbers of sperm, certainly sufficient for the eggs produced by more than one female. Colonies instead of pairs and trios should guarantee high fertilisation rates. Even though high numbers of sperm are frequently present in eggs, low numbers are also associated with fertilisation, so that overall flock fertility can remain high provided copulation frequency does not become lower than the minimum required to maintain female fertility. As females store sperm for a prolonged time, and lay eggs on alternate days, they could guarantee a relatively large number of fertilised eggs following natural or artificial insemination. Variation between individuals in sperm numbers supplied by males and sperm use by females is likely to result from between-male variation in copulation frequency and ejaculate size, and from betweenfemale variation in sperm transfer efficiency into and from the sperm storage tubules (Bakst et al., 1994; Wishart & Staines, 1995; Wishart, 1997; Malecki & Martin, 2003b) . These sources of variation could be used to identify superior individuals for those fertility traits for usage in breeding programs. In addition, even though separation of sexes generally reduced the rate of lay, this effect was not observed in all females, while others did not seem to be affected, regardless how far away the male was taken. The cause of this variation is likely to be complex. Nevertheless, a better understanding of the factors affecting the ovulatory cycle, combined with selection of females that are less affected by separation, could result in flocks of females that can lay in the absence of males.
Conclusion
Research on establishing a feasible artificial insemination protocol for ostriches has thus far focused on sperm collection and evaluation techniques (Hemberger et al., 2001; Rosenboim et al., 2003) . The present study suggests that the long sperm storage duration in ostrich females, while being a useful breeding strategy in the wild, could also provide a basis for the establishment of a viable artificial insemination system
The South African Journal of Animal Science is available online at http://www.sasas.co.za/Sajas.html South African Journal of Animal Science 2004, 34 (3) © South African Society for Animal Science 164 for ostrich enterprises. Such a development would facilitate ostrich data recording and genetic evaluation schemes, by reducing the level of confounding between male and female effects commonly observed in pairbred flocks. The latter attribute was pointed out as a challenge to the establishment of a viable ostrich genetic evaluation scheme (Cloete et al., 1998 ). An additional benefit would be increased selection intensity on the male side in breeding operations (Cloete et al., 2002) .
